The crystal and magnetic structure of BiFeO 3 have been studied with the use of high resolution neutron diffraction between 5 K and 300 K. The atomic coordinates in BiFeO 3 are almost unchanged between 5 K and 300 K.
Introduction
BiFeO 3 is an important material because of its multiferroic properties: a simultaneous electric polarization below 1100 K [1] and a long range magnetic order below 640 K [2] [3] [4] [5] . The main motivation of the studies of the electronic and magnetic properties of BiFeO 3 is due to potential applications of the magnetoelectric coupling at temperatures around room temperature (RT) [6] [7] [8] [9] .
Early studies of BiFeO 3 single crystals reported a relatively weak polarization values around 6.1 µC/cm 2 [1] . A significant increase of the polarization up to 60 µC/cm 2 was reported in BiFeO 3 strained thin films [10] . It has been shown recently that high values of the electric polarization around 70 µC/cm 2 can be also observed in thin films without large strains [11] . Similar polarization values were also observed recently in high quality BiFeO 3 single crystals [12] and in ceramic samples [13] . It is therefore important to distinguish the effects due to changes of the crystal structure of bulk BiFeO 3 from effects due to sample morphologies, like strains, impurities, grain boundaries, etc. . . These recent results underline the importance of a precise knowledge of the bulk BiFeO 3 crystal structure in a wide temperature range. A schematic presentation of the BiFeO 3 unit cell and the ordering of the Fe 3+ magnetic moments is shown in Fig. 1 .
Important changes of the Raman spectra observed in BiFeO 3 single crystals at T * = 550 K [14] and a maximum of the thermal expansion coefficient near 640 K [15, 16] suggest a strong spin-lattice coupling.
Recently, a number of BiFeO 3 studies have shown important phenomena also at temperatures below RT. The spontaneous polarization of a single crystal BiFeO 3 shows quite unusual temperature behaviour with two local maxima (with opposite signs) near 100 K and 200 K, as shown in Refs. [18, 19] . Another study has shown a considerable increase of the low frequency permittivity and dielectric loss in BiFeO 3 between 150 K and 200 K [20] . There are also changes of the Fe nuclear magnetic resonance (NMR) signal reported at RT and at 100 K [21] , and anomalies of the Raman spectra near 140 K and 200 K shows that the magnetic moments' direction changes in a periodic way [3] . [22] [23] [24] , as well as, elastic and electrical anomalies [25] . On the other hand, recent BiFeO 3 magnetic [26, 27] , dielectric and heat capacity [27] studies do not show any anomalies below RT. All these important phenomena motivated us to study the changes of structural parameters of BiFeO 3 at temperatures below RT by using high resolution neutron diffraction.
Experimental
The ceramic BiFeO 3 sample was prepared using a procedure described by Achenbach et al. [28] . Neutron powder diffraction measurements of BiFeO 3 were performed by using the diffractometer D2B at the Intitut Laue Langevin (ILL) Grenoble, operating at the neutron wavelength of 1.5944(1) Å in a similar setup as described in our previous paper [17] . The powder BiFeO 3 sam-ple was placed in vanadium container 8 mm in diameter and mounted in a closed cycle refrigerator. The measurements were performed at several temperatures between 5 K and RT, with 25 K intervals. Neutron powder diffraction patterns for BiFeO 3 were analyzed by the Rietveld method [29] using the refinement program FullProf [30] . The wavelength calibration and instrumental resolution were determined by using the diffraction pattern of a reference CeO 2 sample measured in the same experimental setup. We used the pseudo-Voigt peakshape and the background was interpolated between 14 points. The agreement factors and 2θ zero shifts are summarized in Table I . 
Results
The neutron powder diffraction pattern collected between 5 K and RT shows Bragg peaks, which agree with the BiFeO 3 crystal structure described by the space 3 . Temperature dependences of the BiFeO3 lattice constants a and c, and their ratio -determined from the present neutron diffraction data (solid circles), previous neutron diffraction data [17] (empty squares) and previous SR studies (empty circles) [34] . The fitted polynomials are shown as solid lines in (a) and (b).
group R3c [2, 17, [31] [32] [33] . There are four positional parameters to be determined: z Fe , x O , y O and z O [2] . Anisotropic displacement factors were refined for all the ions in BiFeO 3 structure as it has been already done in Refs. [17, 31] . The results of the Rietveld refinement of the BiFeO 3 neutron powder diffraction pattern at T = 5 K are shown in Fig. 2 .
The lattice parameters of BiFeO 3 determined from our measurements, shown in Fig. 3 , agree with the values determined recently from a high resolution synchrotron radiation (SR) diffraction [34] . Present studies were performed at more temperatures as compared with earlier ones [34] . The observed temperature dependence can be described with polynomials: a(T ) = 5.57249 + 1.70872 × 10
c(T ) = 13.84189 + 3.53563 × 10 The low-temperature dependence of positional parameters x O , y O , z O and z Fe , obtained from the present data, are shown together with results from the high--temperature studies [17] in Fig. 4 . The x O position slightly increases with temperature, while y O remains almost constant. The most interesting is the behaviour of z O and z Fe positions, which are both almost constant below RT and they both increase considerably above RT. The results at RT do not coincide exactly but they show similar values and they are close to the results from Refs. [2, 31] . It is important to note that the BiFeO 3 unit cell polarization depends on the z atomic coordinates. There are two Bi-Fe distances along the hexagonal c-axis, one is shorter (l 1 = z Fe ×c) and the other is longer (l 2 = (1/2 − z Fe ) × c). Temperature dependences of both The magnetic ordering of Fe 3+ magnetic moments in BiFeO 3 is modulated with a long period of 620 Å [3] [4] [5] , but the splitting of magnetic satellite peaks was not ob- served in the present measurements. The data was refined by assuming an antiferromagnetic G-type ordering of Fe 3+ magnetic moments with an arbitrary direction taken along the hexagonal a axis. This model gives the same reliability factors as compared with the modulated magnetic ordering [3] . The temperature dependence of the magnetic (101) + (003) to nuclear (024) Bragg peaks intensity ratio (Fig. 8) shows weak changes below RT, in agreement with Ref. [2] . The anisotropy of the atomic displacement factors, observed already in BiFeO 3 studies above RT [17] , are also significant at low temperatures down to 5 K. A fit with the T = 5 K data, assuming different isotropic displacement factors for Bi, Fe and O ions, gives the Bragg factor: R B = 3.91%. A fit to the same data, assuming anisotropic displacement factors for Bi, Fe and O ions, gives a smaller Bragg factor: R B = 3.52%. The anisotropy of the atomic displacement factors is most pronounced for O ions.
At temperatures below 150 K we obtained negative values of atomic displacements B for Bi and Fe indicating a systematic error in intensity vs. scattering angle, that could be produced by neutron absorption. However, the neutron absorption of the polycrystalline BiFeO 3 sample and of the vanadium container was estimated to be only µR = 0.017, which is insufficient to explain the negative atomic displacement factors for Bi and Fe ions at temperatures below 150 K. For comparison, a calibration data with a reference CeO 2 sample was obtained in the same experimental setup and refined assuming the crystal structure given in Ref. [35] . The refined atomic displacement parameters (ADPs) for 
Conclusions
Temperature dependence of the BiFeO 3 structural parameters was determined by neutron powder diffraction below RT. The present study shows that there is little change in the fractional atomic coordinates in the unit cell of BiFeO 3 between 5 K and 300 K. The z atomic coordinates of Fe and O ions, which determine the BiFeO 3 unit cell polarization, increase considerably above 300 K. The various phenomena reported in the literature for this temperature regime can not then be connected with changes of the crystal structure of BiFeO 3 . Our present results are in agreement with recent BiFeO 3 studies, which also do not show any anomalies below RT.
